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EFFECT OF DISCONTINUITIES IN SURFACE CATALYTIC ACTIVITY
ON LAMINAR HEAT TRANSFER IN ARC-HEATED
NITROGEN STREAMS

By Robert E. Sheldahl and Ernest L. Winkler
Ames Research Center

SUMMARY

Heat-transfer rates due to forced convection and recombination of dissoci-
ated atoms were measured along the afterbodies of hemisphere-cylinders having
various discontinuities in surface catalytic activity. Fach nose section,
which consisted of a hemisphere and a forward portion of the afterbody, was
coated with a material of one catalytic activity. The catalytic activity of
the material on the remainder of the afterbody surface was either the same or
another value. The tests were performed in high enthalpy streams of partially
dissociated nitrogen.

The results, compared with a uniformly catalytic test body, show that the
use of a noncatalytic material on the forward region of the body substantially
increases the heat-transfer rates to the catalytic afterbody surface. This is
in qualitative agreement with the theoretical analysis of Chung, Liu, and
Mirels.

INTRODUCTION

It is known that the surface of a flight vehicle can, under certain cir-
cumstances, act as a third-body catalyst to increase the aerodynamic heating
rate. The catalytic surface recombination in the boundary-layer flow of a
frozen, dissociated gas has been analyzed by numerous investigators
(refs. 1-7). The analyses indicate the possibility of shielding the stagna-
tion region from the heat transfer due to surface recombination of dissociated
atoms by means of a surface material that is not catalytic. In such a non-
equilibrium flow, an upstream surface material may affect the heating of the
downstream portion of a body. One aspect of this problem has been analyzed in
reference 6. The vehicle is considered to have a noncatalytic surface over
the upstream portion and a catalytic surface over the afterportion. A sub-
stantial increase of heat-transfer rate with position along the afterbody sur-
face is computed. It is the purpose of this investigation to provide
experimental data for such bodies and to compare the measurements with the
analysis of reference 6.
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NOMENCLATURE

sonic velocity

constant in equation (19)

calorimeter specific heat

diffusion coefficient

total enthalpy

heat of recombination of atoms

specific reaction rate constant for catalytic surface
Mach number

a/ae

pressure

heat-transfer rate

convective heat-transfer rate

heat-transfer rate dué to surface recombinations
total heat-transfer rate

test body nose radius

test body radius normal to stream axis, R sin S/R

coordinate position along test body surface measured from the
stagnation point

transformed coordinate (eq. (19))
temperature

calorimeter wall thickness
velocity

coordinate along flat-plate body
distance normal to the test body

mass fraction of atoms




Y isentropic exponent

o] density
Pm calorimeter material density
e time
Subscripts
e edge of boundary layer
o} stagnation point
1 S/R location on the test body surface of the discontinuity in ky
un uniform k., over the complete test body
W wall
o0 free-stream condition
Cu-Cu uniform copper surface over the complete test body.
Cu-Si0 copper nose and silicon monoxide afterbody surface material
510-510 uniform silicon monoxide surface over the complete test body
510-Cu silicon monoxide nose and copper afterbody surface material

APPARATUS AND METHODS

Facility

The tests were performed in a 10.2-cm-diameter, high energy, supersonic,
dissociated nitrogen stream. The stream was generated by the water-cooled arc-
Jet wind-tunnel facility described in detail in references 7 and 8. The nom-
inal conditions of the free-jet test stream were: frozen Mach nunber 5.6,
static pressure of 3x10~% atm, impact pressure of 0.0l3 atm, and nitrogen
flow rate of 2.5 g/sec. The stream energy of 8 to 20 MJ/kg corresponded to an
atom-mass-fraction population from 10 to 35 percent.

Test Bodies

The test body for all the tests was a 1.588-cm-diameter hemisphere-
cylinder. Four models were bullt as shown in figure 1. Two were heat-transfer
models, one an impact-pressure model, and the fourth a pressure-distribution
model for measuring both impact pressure and the static pressure along the
afterbody. :



The heat-transfer models were built as shown in figure 1(a). The nose
section could be separated from the afterbody at S/R = 2,682. The two heat
sink nose sections were plated with electrolytically deposited copper to a
thickness of approximately 0.002 cm. Copper has a high specific reaction rate
constant and served as the catalytic surface. One of the two was then coated
with vacuum-deposited silicon monoxide to serve as a nose section of negligible
catalyticity as compared to copper. The two afterbody sections were copper-
plated, stainless-steel cylinders 0.051 cm thick. They were instrumented with
five chromel-alumel thermocouples at S/R locations of 4, 5.5, 7, 8.5, and 9.5.
Again, one of the two afterbody sections was coated with vacuum-deposited

gilicon monoxide.

The water-cooled impact pressure probe had a single orifice located at the
stagnation point whereas the pressure-distribution model had orifices at the
stagnation point and at the same S/R location as the thermocouple locations
on the heat-transfer models.

Procedure

To obtain axial uniformity of the test-stream impact pressure, the static:
pressure of the free-Jjet test stream was balanced against the test chamber
static pressure by adjusting a throttle valve in the line between the test
chamber and the vacuum pumping system. A mechanical differential pressure gage
with a full-scale range of 1 mm Hg detected the difference between the static
pressure of the free jet at the nozzle exit and of the test chamber, and the
flow was throttled until the indicated differential pressure became zero.

The impact pressure in the test stream was examined with the hemisphere-
cylinder impact probe model (fig. 1(b)) and was found to be uniform within
10 percent along the jet axis over the length later occupied by the afterbody.

The afterbody pressures obtained from the pressure-distribution model
were indicated on an oil manometer board and were recorded photographically.
The calculated lag time for the pressure-measuring system was about one-half
minute. The model was allowed to remain in the stream for several minutes to
insure that the manometer had stabilized before data were recorded at various
fixed values of enthalpy.

The heat-transfer measurements were carried out in the following manner.
The impact-pressure model (fig. 1(b)) was mounted on a traversing mechanism
along with the heat-transfer model. After the arc heater was started, the
free-jet static pressure was balanced against the nozzle exit pressure with
the impact-pressure model in the stream. The arc was extinguished, and the
traversing mechanism moved the pressure probe aside and inserted the heat-
transfer model into the test position. The heat-transfer model was protected
with a clamshell shield; the arc was then reignited and allowed to reach
steady-state operation. The shield was quickly removed from the model, and
the transient heat-transfer data were recorded. After a predetermined length
of time (about 1 second), the arc was automatically extinguished. The throttle
valve to the ejectors, the tunnel mass flow rate, and the arc-heater power set-
ting were not changed during this sequence of events. Upon restart, arc power
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input would repeat with an error that varied from 2 to 6 percent, but these
small discrepancies produced no change in throttle valve setting required to
balance the test stream. Thus the tunnel conditions during the heat-transfer
test were substantially the same as those that existed during the previous test
with the impact-pressure probe.

Afterbody heat-transfer-rate distributions were obtained in the pressure-
balanced nitrogen jet for all four possible combinations of nose section and
afterbody. Prior to each run the copper portions were polished with a metal
polish and then cleaned with grain alcohol, but the silicon monoxide surfaces
were not disturbed. The afterbody temperatures, sensed by thermocouples, were
recorded as a function of time on an oscillograph. The corresponding heat-
transfer rates were evaluated by measurement of the slopes of the temperature-
time traces and use of the calorimeter equation:

. dq qT
= o— = Ct —— l

q a0 Pm do (1)
The effect of heat conduction along the axial length of the calorimeter
(fig. 1(a)) on the measurements was estimated by means of the analysis of Manos

and Taylor (ref. 9) and found to be negligible when compared to the effect of
radial conduction.

RESULTS AND DISCUSSION

Since aerodynamic heat-transfer rates depend strongly on pressure, efforts
were taken to obtain the impact pressure and afterbody wall pressure for the
run conditions encountered during the tests. The measured variation of impact
pressure at the test location in the Jjet is shown in figure 2 as a function of
the stream total enthalpy. Although the impact pressure varied with the total
enthalpy, the ratio of impact pressure to nozzle plenum pressure was a con-
stant 0.031l5 over the enthalpy range of the tests.

The experimental pressure distribution along the afterbody of the
hemisphere-cylinder test body is shown in figure 3. Also shown for comparison
is a theoretical result obtained by the methods of reference 10. The theoret-
ical solution is for a three-dimensional blunt body in a perfect gas with the
nominal free-stream flow conditions of the test facility. That the results
agree adequately may be taken as an indication that the free-jet test stream
was unifdorm. The pressure distributions were obtained at four different
enthalpies but no consistent trend with enthalpy was noted. Distributions for
enthalpies higher than 14 MJ/kg were not obtained because of the long run times
needed to allow the manometer to stabilize.

The Knudson number, based on the gas conditions at the wall and on the
orifice diameter, was 0.18, which is less than 0.4t where slip effects are
usually encountered. However, according to reference 11, an orifice effect
due to the heat flux to the wall may still exist and would tend to give a mea-
sured pressure slightly lower than the actual pressure at the model wall. No
orifice correction was applied to the data due to the uncertainty of the size
of this correction.



The afterbody heat-transfer-rate data were normalized by means of an ana-
lytically determined, equilibrium stagnation-point heat-transfer rate corre-
sponding to the enthalpy and stagnation pressure of each run. All sets of
data normalized by the same equilibrium relationship would be expected to dis-
play catalytic effects independent of explicit dependencies on enthalpy, pres-
sure, and shape. The expression for stagnation-point heat-transfer rate given
by Detra, Kemp, and Riddell (ref. 12) and modified to

= (const) %0 g 1075 (2)

was chosen because it agreed well with the earlier experimental data of Winkler
and Sheldahl (ref. 13), shown in figure 4. These data were obtained in the
same facility used in this investigation and with the same operating condi-
tions. Further, equation (2) is convenient because total enthalpy and stagna-
tion pressure are state properties that can be determined experimentally, thus
allowing a theoretical stagnation-point heat-transfer rate to be calculated for
each test. This normalization procedure will be shown to collapse each set of
afterbody heat-transfer-rate data satisfactorily.

The experimental heat-transfer-rate data were compared with an analytical
prediction, Lees' equilibrium heat-transfer-rate formula (ref. 14), for the
afterbody of a hemisphere-cylinder

L
ks 2P<> (3)

o {ulR [_d(s/R)] f Po < > T ds}l/g

To evaluate equation (3) along the afterbody, several assumptions were made.
The static pressure was assumed to follow the modified Newtonian pressure dis-
tribution over the surface of the hemisphere but to be constant along the
cylindrical afterbody:

2 - cosF8)+ L sin?S 0<S <L
o cos <§> 7M§ sin <§> < R < 5
(%)
= constant %Zi

The Newtonian velocity gradient was assumed for the hemisphere, and ug
was taken as constant on the afterbody. The denominator of equation (3) was
then evaluated in two parts, the first from the stagnation point to the
shoulder of the hemisphere and the second commencing at the shoulder. With
these assumptions and restrictions, equation (3) reduces to:
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The distributions shown in figure 5 result when a constant afterbody pres-
sure distribution of p/po = 0.030, which approximates that measured experi-
mentally (fig. 3), and an apparent isentropic exponent 7 = 1.45 (as determined
in ref. 7) are introduced into equation (5).

(5)
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Figure 5(a) shows the data for afterbody heat-transfer rate on the uni-
formly catalytic copper-plated body. Since heat-transfer rates in equilibrium
and frozen flow do not differ appreciably when the surface material is a good
catalyst, it can be expected, as is shown on figure 5(a), that the theory would
agree with the data for the test body completely covered with copper. Although
some approximations were made in determining the theoretical distribution, the
experimental data for the copper-wall test body do agree to within 15 percent
with the theoretical distribution.

Figure 5(b) shows the heat-transfer rates to the afterbody behind the nose
coated with noncatalytic silicon monoxide. Figure 5(b) demonstrates that when
the highly concentrated reactant that accumulates in the boundary layer over
the noncatalytic nose surface is recombined on the catalytic afterbody, the
heat-transfer rate approximately doubles as compared with the calculated equi-
librium distribution.

Figure 5(c) shows the data for the body completely covered with silicon
monoxide. The heat-transfer rates measured on the afterbody lie below those
predicted from Lees' analysis for equilibrium flow.

Figure 5(d) shows the data for the same afterbody as that used in fig-
ure 5(c) but with a catalytic copper nose. The nose surface material has no
noticeable effect on measured afterbody heat-transfer rates over the silicon
monoxide afterbody.

Figure 6 is a summary of figure 5. It shows that when the flow in the
boundary layer is frozen, different values of surface catalytic activity on the
nose increases the heat-transfer rate to the afterbody by different amounts
when the afterbody surface material is a good catalyst. When the afterbody
surface material is a poor catalyst, the catalytic activity of the nose surface
has little effect on the heat transfer on the afterbody.

For the purpose of comparing the test results with the theoretical anal-
ysis of Chung et al. (ref. 6), it is required that the measured heat-transfer
rate be separated into two portions: that due to convection, and that due to
surface recombination. Neglecting radiation, the total heat-transfer rate to
the test body is written as the sum of the convective and surface recombination
heat-transfer rates:



Ay = G + éd (6)

43 = Py <‘§‘j‘r‘>w hy. (7)

2% () = w (&)

equations (7) and (8) together give

Eld = pwkwa’whr (9)

where

Since

for the surface recombination heat-transfer rate.

A comparison between the afterbody heat-transfer rates of the Cu-5i0 model
and the Si10-8i0 model (fig. 6) indicates that the silicon monoxide surface has
a specific reaction rate constant k, very close to zero. This is deduced from
the fact that a change in the nose material, which resulted in boundary layers
with drastically different atom concentration gradients, (Sa/ay)w, at
S/R = 2.682 had no appreciable effect on the heat-transfer rate to the after-
body coated with silicon monoxide. Thus for the silicon monoxide surface the
heat transfer is essentially convective.

It is fairly well established that clean oxygen-free copper has a high
specific reaction rate constant (i.e., k, = o, refs. 1 and 13). Thus since
- o for the clean copper surface (i.e., a,; - 0) and ky; > O for the silicon
monoxide surface (i.e., Ay = ae), the heat transfer to the silicon monoxide
surface is assumed to be purely convective so that

(at)g30-810 = (e)gi0.510 * (Wgi0_s10 = % (10)

The heat-transfer rate to the copper surface, which has heat-transfer contribu-
tions due both to convective and to surface recombination processes, can in like

manner be written:

(a)guocu = (Aedeyocu * ()oyu_cy (11)

Equation (10) may then be subtracted from equation (11) to yield the rate of
heat transfer to the copper surface due to surface recombination only, provided
the rate of convective heat transfer to the silicon monoxide surface is the
same as that to the copper surface. This procedure is Jjustified because the
stream energies are the same and tThe chemistry of the boundary layer is assumed
to be frozen. The heat-transfer rate due to surface recombination for a uni-
formly catalytic body may then be evaluated from the measurements by means of

the following equation:



4a = (4t)gy_cu - (38)g10-810
or (12)
(4g) uniformly catalytic body = (p K auhr)un

When the nose material is noncatalytic and the afterbody material is cata-
lytic, similar reasoning can be applied to yield measured values of the heat-
transfer rate due to surface recombination for the configuration with a discon-
tinuity in surface catalytic activity. The resulting equation is simply:

A3 = PyKybr

Well-known relationships for the heat-transfer rate due to surface recom-
bination can be used to formulate the theoretical predictions of reference 6
for comparison directly with the test results.

Letting
My, = (“/ae)w

where the species concentration at the outer edge of the boundary layer, da., is
a constant along the afterbody for a frozen boundary layer, the equation for
surface recombination heat-transfer rate is then

ag = Pyl Gemyhy (13)

Dividing 43 by (d4g)yn &ives the ratio of surface recombination heating for a
nonuniformly catalytic body to that for a uniformly catalytic body:

G . _ Oy (11)

( éd )U.l'l ) ( kaWaeInWhI') un

The surface static pressure is an extremely weak function of the surface mate-
rial and is assumed to be the same for both cases,

Py = pu(l + a)RT, = [p (1 + a )RT 1,n (15)

But over the short test times involved T, = (Tw)un' Therefore, the ratio of
wall densities becomes

Py . (1 + OLw)un s

= ae = (%e)un (16)
(py)un L+ ay

k_w—>oo




The atom mass fractions at the wall are unequal for the two bodies (i.e-,
a,; # (a,)yn) but are small in comparison with unity.

Thus, with oy - O
Py = (pw)un (17)
This results in the relationship,

. M (18)
(Q)yn  (mpdyn

which relates the calculated species concentration at the wall with the mea-
sured surface recombination heat-transfer rates,

The theoretical results in reference 6 for the ratio mw/(mw)un are for
a flat plate., Since the experimental data are for the afterbody of a
hemisphere-cylinder, it is necessary to transform the flat-plate coordinates to
hemisphere~cylinder coordinates to effect a valid comparison between theory and
experiment, This is done by the inverse transformation used by Chung and

Anderson (ref, 2),

S
X = f C &= ugr® ds (19)
0]

o}

Using the assumptions for pressure distribution and velocity gradient intro-
duced earlier, the flat-plate coordinate x as a function of S/R becomes

x =C %Re’/%[(o,lOB) + 0.030 <%. - 12L>] (20)

As written, this equation is applicable only for S/R > n/2. The flat-
plate coordinate X/X of reference 6 is derived from equation (20) by normal-
izing with respect to the point of catalytic discontinuity.

The constant (Newtonian) value of velocity gradient is accurate on a
hemisphere only for values of S/R less than 1.4. Part of the errors caused
by the assumptions are cancelled by normalizing with X, the transformed coor-
dinate distance to the point of catalytic discontinuity. Such errors can
influence conclusions only with respect to the axial position at which cata-
lytic phenomena may or may not occur, but they cannot alter the magnitude of
such phenomena.

Figure 7 is a comparison of the experimental data with the theoretical
results (ref. 6) for the conditions of a noncatalytic nose material and a cata-
lytic downstream. The S/R coordinate has been normalized with Sl/R: where
S, 1s the coordinate distance to the afterbody location of catalytic discon-
tinuity. The theoretical ratio qd/(éd)un drops asymptotically to unity when

10



the boundary layer and surface reactions do not feel the existence of the non-
catalytic upstream material. The data decrease with the analytic curve along
the forward portion of the afterbody, but increase for S/Sl greater than 2.5
instead of tending to unity. Why the experimental ratio of™ 43/(d3)un
increases on the afterportion of the test body is not fully understood. A por-
tion of the heat liberated by the surface reactions may have been incompletely
accommodated by the copper wall, and this energy may have returned to the
boundary layer and reappeared farther back on the afterbody in the form of
additional convective heating. Thus data might not indicate a precise trend
for the ratio of qd/(qd)un on the rearmost portion of the afterbody because
they reflect an augmented heat-transfer rate due, in part, to convection. At
least, they would not agree with the theory because the analysis does not allow
for incomplete accommodation.

Figure 8 demonstrates the effect of a noncatalytic nose surface on the
total heat-transfer rate to a catalytic afterbody by showing the variation of
the ratio, (qt)Sio Cu/(qt)Cu—Cu with S/R. The total heat-transfer rate along

the catalytic afterbody was increased when catalytic shielding was provided at
the nose region. This total heat-transfer-rate ratio alsoc increased on the
rear portion of the afterbody, as did the ratioc of heat-transfer rates due to
surface recombinations shown in figure 7. Figure 8 indicates, for the test
conditions encountered during the investigation, that the afterbody heat-
transfer-rate distribution to a body with nose shielding is of The order of

50 percent higher than the corresponding distribution for a uniformly catalytic
test body.

SUMMARY OF RESULTS

The effect that the catalytic activity of a surface material at the stag-
nation region of a flight vehicle may have on the laminar heat-transfer-rate
distribution along the afterbody when the gas at the edge of the boundary layer
is frozen in some nonequilibrium state has been examined experimentally.
Laminar heat-transfer-rate distributions were measured along the afterbodies
of hemisphere-cylinder models with various combinations of catalytic and non-
catalytic upstream and downstream surface materials in streams of high enthalpy
partially dissociated nitrogen. It was found that the use of a noncatalytic
surface material on the upstream portion of the body augments the heat-transfer
rate on an afterbody that has a surface material with a finite catalytic
activity. The results, compared with a uniformly catalytic test body, show
that the use of noncatalytic material on the forward region of the body
increases the heat-transfer rates to the catalytic afterbody surface by as much
as 50 percent and when compared with a uniformly noncatalytic test body, the
heat-transfer rates are increased by 300 percent to 400 percent. The results

11



of the experiment agree qualitatively with the analysis of Chung, Liu, and
Mirels, but the experimental evidence indicates that augmented heat-transfer
rates persist further downstream than theory predicts.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif., June 16, 1966
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Figure 5.- Continued.
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(e¢) 8i10-8i0 test body.

Figure 5.- Continued.
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(d) Cu-8i0 test body.

Figure 5.- Concluded.
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Figure 6.- Normalized afterbody heat-transfer rates to bodies with various
catalytic discontinuities.
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